We have generated four monoclonal antibodies specific for one or more members of a series of two sequentially derived PR8 influenza virus variants. Three of these antibodies share cross-reactive idiotypes. The amino acid sequences of these antibodies were determined, and it was found that two of these antibodies use genes from the VH7183 family, whereas the third uses a gene from the VHJ558 family.
graphic region of hemagglutinin (11) . They bear different idiotopes, clearly indicating they are produced by different clones (indeed the four antibodies were obtained from three separate fusions). However, three of the antibodies with distinguishable paratopes share a cross-reactive idiotype, again suggesting a potential connectivity among clones recognizing subtle differences in the hemagglutinin of related viruses.
To understand the genetic mechanisms responsible for the generation of paratopes recognizing such subtle differences in antigenic structure of the major glycoprotein of influenza virus, we defined the nucleotide sequence differences in the hemagglutinin genes of the variant viruses. In addition, we sequenced the variable regions of the heavy and light polypeptide chains of the corresponding monoclonal antibodies. §
The data demonstrate that despite the similarities in the paratypes of these antibodies and the fact that three of the four share a cross-reactive idiotype the structures of their heavy and light chains are quite dissimilar. While antibody responses to polysaccharides and haptens are often oligoclonal (1) (2) (3) (4) (5) (6) , antibody responses to protein antigens are generally more heterogeneous (7) . For example, it has been estimated that over 1500 different paratypes constitute the B-cell repertoire of BALB/c mice to the hemagglutinin of PR8 influenza virus (HiN1) (8) . The great heterogeneity of the B-cell response to hemagglutinin is related to the multitude of epitopes that constitute the four major antigenic determinants of H1 hemagglutinin (9) as well as the use of several heavy and light chain variable region (VH and VL) gene families by B cells producing antibodies against these epitopes (10, 11) .
On the other hand, earlier observations of some of the coauthors demonstrated cross-reactive idiotopes on monoclonal antibodies to different epitopes on PR8 (H1) hemagglutinins and shared idiotypic determinants among antibodies to H1 and H3 hemagglutinins (12) . These observations suggested the possibility that despite the diversity of clones responding to hemagglutinins, in some instances regulatory elements might operate to restrict the clonal population responding to particular antigenic determinants.
This speculation subsequently was fueled by findings obtained with four monoclonal antibodies specific for one or more members of a series of two sequentially derived PR8 virus variants. As described in more detail previously, these antibodies have reciprocal binding properties and react with some viruses but not with variants selected in their presence, demonstrating that they possess paratopes specific for particular structures on an identical or a closely related topo-MATERIAL AND METHODS Viruses. Influenza A PR8 (A/PR/8/34, HiN1) virus and two sequential variants, PY102-Vl and VM113-V1, were grown in the allantoic cavity of 10-to 11-day-old embryonated chicken eggs and purified on 30-60%o sucrose gradients according to standard procedures (12) .
Generation of Sequential Virus Variants and Monoclonal Antibodies. PY102 is a monoclonal antibody specific for the hemagglutinin of PR8 (HiN1) virus. A variant virus of PR8 was selected in the presence of excess PY102. This variant (PY102-Vi) was used to obtain a monoclonal antibody (VM113) which reacted with it but not with wild-type PR8 virus. Subsequently PY102-Vl was passaged in the presence of excess VM113 to obtain a second virus variant, VM113-V1, which in turn was used to obtain the specific monoclonal antibodies VM201 and VM202 (11) . As noted previously, these antibodies demonstrated reciprocal binding patterns with PR8 and the sequential virus variants. Notably, PY102, VM201, and VM202 bound to PR8 virus and the second variant, VM113-V1, but not to PY102-V1. Conversely, VM113 bound to PY102-Vl but not to PRB or VM113-V1. Differences in the fine specificities of PY102, VM201, and VM202 were demonstrated by using a panel of variant viruses selected in the presence of one of these monoclonal antibodies or after sequential selection with two antibodies.
Sequencing of Hemagglutinin Genes. The hemagglutinin gene for each virus was sequenced from the viral RNA by the dideoxy method (13) , as modified by Parvin et al. (14) , except that 3.5 units of terminal deoxynucleotidyltransferase (Boehringer Mannheim) was added per reaction in the "coldchase" solution. Four primers were synthesized on a Biosearch SAM-1 oligonucleotide synthesizer utilizing phosphoramidite chemistry. The primers were complementary to the viral RNA at positions 64-81 (CAC TTG CAG CTG CAG ATG), 271-288 (GAA ACC CAG AAT GCG ACC), [476] [477] [478] [479] [480] [481] [482] [483] [484] [485] [486] [487] [488] [489] [490] [491] [492] [493] (AGT AAC GGC AGC ATG CTC), and 775-792 (GGA CCT TGC TAA AAC CCG).
Sequencing of V Region Genes of Antibodies. PY102's VH segment sequence was determined by cDNA cloning in PTZ19U. PY102's VK segment was determined by direct mRNA sequencing. The remaining sequences were determined at the mRNA level and confirmed by cDNA cloning in AZAP (Stratagene). Isolation of mRNA was by the guanidinium thiocyanate method as described by Chirgwin et al. (15) . The sequences ofmRNA from hybridoma cell lines were analyzed by using the dideoxynucleotide method essentially as described by Kaartinen et al. (16) . For cDNA cloning, first-strand synthesis was primed with a synthetic oligonucleotide complementary to the V-C bridge (C, constant region) with the addition of an extra eight nucleotides representing an Xba I restriction enzyme site and a spacer on the 3' end of the oligonucleotide. The sequence of the primer used for cloning VH regions was 5'-AAATCTAGAGGGC-CAGTGGATAGAC-3'. The sequence of the primer used for cloning VK regions was 5'-AAATCTAGATGGATGGTGG-GAAGATG-3'. Second-strand synthesis was done by the addition of RNase H and DNA polymerase I. T4 DNA polymerase was used to blunt the ends, and the Xba I site (incorporated into the cDNA via the primer) was cleaved with Xba I. The V cDNA was ligated into the Sma I and Xba I sites of a suitable phagemid vector (generally PTZ18U or PTZ19U; United States Biochemical), and the DNA was used to transform competent BSJ72 cells. Alternatively, EcoRI linkers were added after the T4 DNA polymerase step and cDNA was size selected on a low-melting agarose gel. The resulting cDNA was cloned in the EcoRP site of the AZAP phage vector. Colonies or plaques were screened with endlabeled synthetic oligonucleotides. Sequencing of the resulting cDNAs was done by preparing single-stranded DNA from the phagemid and analyzing it by the method of Sanger et al. (13) . (Fig. 1) , the region encoding the major antigenic epitopes (9) . In comparison to the sequence ofPR8 hemagglutinin, the first variant (PY102-V1) has three silent mutations (positions 531, 919, and 943) and a single nucleotide difference (U -* G) in position 555, which results in an amino acid substitution (Tyr -* Asp) in the SA antigenic region of hemagglutinin (9 The VK region sequences of these antibodies are shown in Fig. 3 . Serologically, three antibodies were thought to be members of the VK21 family of BALB/c light chains (11) , but molecular analysis was inconsistent with that interpretation. Moreover, each monoclonal antibody belonged to a different VK family. VM201 was 85% identical to the previously reported VK region PC3741 (17) , placing it in the VK21 family (18) . VM202's K chain was 80% identical to the hybridoma 26-10, placing it in the VK1 family. PY102 is closest to a VK8 light chain, with 59o identity, and VM113 is most similar to the group of cross-reactive-idiotype-positive anti-arsonate hybridoma light chains (VK10), with 68% identity to the VK Ars germ-line gene segment (19, 20) . These latter two identities (59% and 68%) are on the borderline of significance in terms of placing these structures into previously defined vs.
new VK gene families. Strikingly, however, light chains of these four monoclonal antibodies bear little resemblance to each other.
The light chains of these antibodies do not employ a unique, common JK segment. PY102 and VM202 share the JKS segment but VM201 (JK4) and VM113 (JK2) use different JK segments. There is evidence for somatic mutation in all four JK segments (illustrated by the absence of an underline in Fig.  3 ). PY102's JK segment contains three mutations, but only one leads to an amino acid replacement.
The VH region sequences of three of these monoclonal antibodies are shown in Fig. 4 . They derive from three different BALB/c VH gene families: PY102 from VH7183, VM201 from VHS107, and VM113 from VHJ558. The data with respect to PY102 and VM201 confirm observations previously made by hybridization of hybridoma mRNA with known VH gene probes (11) . Each differs from a germ-line member of their respective VH gene families by approximately 10-15%, well within the usual definition of members of the same family. The PY102 heavy chain is closest in sequence to a previously described BALB/c hybridoma, 10 
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gtc cgt cac tac ggc tac gga ats gac tac tsg oat caa sga acc tca stc acc stc tcc tca H36-18, with specificity for influenza virus hemagglutinin (10), with 87% identity at the nucleic acid level. These two structures are remarkably similar except for their complementarity-determining region Ils. The BALB/c germ-line gene most similar to PY102 is the VH gene segment 81X. The VM201 heavy chain is 94% identical to the phosphatidylcholine-binding hybridoma 6G6 of CBA/J origin. The V11 germline gene from the VHS107 family, from which many antibodies specific for influenza virus hemagglutinin derive, is known to be conserved in the various inbred strains. The VM113 heavy chain is 92% identical to BALB/c NPb germline pseudogene (21) (a member of the VHJ558 gene family), and 84% identical to VH124, a BALB/c germ-line gene that is also NPb related (21) .
The DH segments of PY102 and VM201 derive from DFL16.2 but are quite different in sequence, as each uses a different portion of the DFL16.2 sequence. VM113 appears to derive from DSP2.6. Significant parts of the D segments of both VM113 and VM201 were derived via N segment diversifications. There is no obvious amino acid sequence homology among the three complementarity-determining region IlIs. As with the JK segments of these antibodies there is no preferential utilization of a particular JH segment in these molecules (Fig. 4) .
DISCUSSION
It is well known that antibody responses elicited by protein antigens are extremely heterogeneous. Studies designed to determine the fine specificity of the paratope and the structure of VH and VL regions of such antibodies have repeatedly documented wide variability in the structures of such paratope-epitope combinations. In this communication, we present an approach to study the molecular basis of combining-site specificity by analyzing antibodies specific for complex antigens. Specifically, we determined the nucleotide sequences of the genes encoding the hemagglutinin of PR8 influenza virus and two sequential virus variants as well as the VH and VL regions of corresponding monoclonal antibodies.
It should be emphasized that the reciprocal nature of binding ofthese monoclonal antibodies demonstrate that they distinguish subtle differences (i.e., single point mutations) in a single antigenic site on the hemagglutinin molecule. Indeed, comparison of the nucleotide sequences of the hemagglutinin genes of PR8 virus and the two sequential variants strongly suggest that a U -) G change at position 555 in PY102-V1 and a back mutation G -* U at the same position in VM113-V1 are responsible for the reciprocal binding specificities of the monoclonal antibodies. It is unlikely that the U -+ A change at position 580 in VM113 affects the binding of these monoclonal antibodies since both VM201 and VM202 bind equally well to VM113-V1 and PR8, which contains a U at 580.
One of the major issues addressed in these studies concerns the relationship of a series of monoclonal antibodies which are directed against distinct epitopes on a biologically important molecule that has minimal primary structural differences. Three shown to be mediated by reactivity with heavy chains (11). However, VM113 (which uses a gene from the VHJ558 family) also inhibited binding of labeled VM202 to anti-PY102 and its heavy chain reacted with anti-PY102 on Western blot analysis. Therefore, whereas the cross-reacting idiotope expressed by PY102 and VM202 could be attributed to related VH genes, the expression ofa similar cross-reacting idiotope on VM113 must be attributed to a different mechanism. Shared idiotopes on antibodies encoded by VH genes belonging to different families have been observed in several autoantibodies (22) (23) (24) (25) (26) (27) . Similarly, Meek et al. (27) showed that BALB/c anti-arsonate antibodies bearing the major cross-reactive idiotype (which is a cross-reactive idiotope that is predominantly affected by the heavy chain variable region) of the A/J strain, derived from different VH gene families although their VK, JK, and DH gene segments were identical. These results suggest that similar contacting residues involved in idiotype-anti-idiotype interactions can be borne by variable domains encoded by various VH or VK genes. Furthermore, our observations suggest that clones producing antibodies specific for wild-type virus and its variants may potentially be regulated by antibodies specific for such crossreactive idiotopes through an idiotype-determined crossregulation process (7, 24) . Nonetheless, whatever the role of idiotype regulation in these antibodies, these studies clearly demonstrate that there is a wide origin of diversity of antibody response of the host against microbial antigens with subtly different structures.
